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20. Abstract éontinuation

between tracks of plasmoid ions and tracks of charged products of D-D fusion
reactions. Ion-imaging can also discriminate plasmoid deuterons from MeV deute-
rons of a directed beam. The space-time structure of the D-D neutron source by
collimated-neutron measurements is correlated with the structure of ion and of
electron beams and with the structure of the plasmoids which are ejected along
the electrode axis during the decay of the axial pinch. [1]

A detailed analysis has been completed on the internal strgcture of ions .

and electron beams which are ejected in opposite directions - 0~ and 180°.

Since the>interna1 fine structure of ion and electron beams is similar at any
distance ~ 6-50 cm from the source, a similar fine structure may exist in the
beam source, as it is consgistently indicated also by earlier observations on
the fine structure of the pinch current sheath.
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through April 30, 1980.

Y. Nardi, W. Prior
Fhis Repon™ JnWFsTiga <>

We—heve—investigated the correlation between the neutron (and x-ray) emission
intensity and the intensity ‘of the particle beams generated in a plasma focus
discharge in deuterium as an extension of our previous work on scaling laws of
x-ray and neutron production. The structure of dense plasmoids which emit MeV

ions has been recorded by ion imaging with pinhole camera and contact print

techniques. The plasmoids are generated in the same region in which particle beams,
neutron and x-ray emission reach a maximum of intensity. Sharply defined boundaries
of the ion-beam source and of plasmoids have been obtained by ion track etching

on plastic material CR-39. A full length paper has been accepted for publication

in the Physical Review, Isske A5, Nov. 1980. An invited paper "Generation of

MA/cm2 Electron and Ion Beams by Plasma Focus Discharges"was given by V. Nardi
at.the 1980 IEEE International Conference on Plasma Science, May 19-21, 1980 in-

Madison, Wisconsin (IEEE Conference Record, p. 73, University of Wisconsin).
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1. Introduction

Plasma lumps (plasmoids) of linear dimensions £ ~ 1 cm with an internal fine
structure and a relatively-long life time v are formed in a plasma focus discharge
(15 kJ at 20 kV) and are ejected from the pinch region where ion
and electron beams are generated. A plasmoid propagetes with a speed v(r >> &/v)
away from the hollow center electrode (anode) along the electrode axis in the same
direction (0°) of the ion beam]. The electron beam propagates in the opposite
direction (1800) through the hollow anode and in a drift tube which is filled with
the same gas (DZ) and the same pressure p of the discharge chamber. Plasmoids in
this experiments have sharply defined boundaries - with a drop in the particle density
by one order of magnitude within a region A ~ 0.1 mm - and an internal structure which
are preserved during the plasmoid displacement from the source (pinch region) to the
target. Plasmoid imaging ~ a contact print of the plasmoid on the target - is obtained
by the MeV-ion emission from the plasmoid curing the time of contact of the plasmoid
with the target and by the related non-uniform density of ion tracks on the target.

Plasmoid with sharp boundaries and a long lifetime (v ~ 0.1 - 1 ns) have been
observed in earlier experiments by image converter photographs (5 ns exposure by
visible light) also at a late time of a plasma focus discharge , when the total current
I on the electrodes had returned to the value I ~ 0 after the first current peakz,at
t=T/2~ §4ys.

Ion-emission mode and life time of the observed plasmoids are consistent with the
existence within the plasmoid of internal electric currents and of magnetic self-fields
of high intensity (B) and with a fine structure on a space scale ¥ A. Our observations
suggest that a plasmoid can be identified with a current-sheath fragment which is ejected
during the stage of decay of the axial pinch. If a fine structure exists in a plas-
moid a similar structure can then be considered for the current sheath at different
stages of the discharge. The ion beam which is ejected at 0° from the same axial
region displays clearly a composite structure with ion clusters of linear dimensions
~ 10 - 100 um.1 Our observations on the fine structure of the electron beam are
reported here and indicate that lumping in space and energy distribution, filamentation
and filament clustering exist also in the electron beam. Similar structures are detected
in the beam at any distance Llfrom the source (Li% 6 cm). An implication is that the
beam fine structure can be directly related with a similar fine structure of the
current sheath. The bearing of a current sheath structure and strong self-fields - on
the mechanisms which sustain the peutron emission can not be neglected and we consider it
in the light of our fine-structure observations with a space resolution ~ 1 um.
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2. Experimental System and Methods.

The geometry of the system-plasma focus (PF) electrodes of diameters 10 cm
(cathode) 2nd 3.4 om (anode), location of targets(for plasmoids, jon beam, '
electron beam)and electron-beam drift chamber-is reported in Fig. 1. The space
distribution of the ion emission - ion beam, plasmoid contact print, D-D fusion
protons - is obtained by NaOH etching of ion tracks in plastic targets (CR-39
plates, area 11 x § sz). CR-39 plates are covered with absorbing foils (mylar)
of various thicknesses to screen out ions of energy lower than a chosen value
and to discriminate tracks of fusion protons from MeV deuterons. Each CR-39
plate is exposed to a single discharge. Nuclear activation of BN, B(92% enriched

810), C targets are also routinely used to assess typical energy distributions
of the ion emission. The net electron beam current Ie is measured by two
Rogowsky coils (RC) which encircle the drift chamber at two different locations.
The.net charge Qe = IIedt is measured also by a Faraday cup method and is
correlated with the neutron emission by each discharge. The filamentary structure
of the electron beam is analyzed by beam-induced damage on plastic targets and
on targets of special semiconductor material (Label/B) which are located inside
the anode or in the drift chamber at any distance L1(6cm 5 Lié 300 cm) from the
anode front end. The electron-beam filaments carry along collectively-accelerated
ions which are deposited on target. By using a thin plastic target (a single 125
um thick polystyrene-PST-foil or a stack of 2-3 foils) the bulk of the electron
beam with a dominant electron-energy value Ee ~ 300 keV crosses the target.
Collectively-accelerated ions and low energy (S 50 keV) electrons are deposited
and generate a non-uniform charge distribution on the target. The internal
structure of an electron beam filament is revealed by local discharge processes
(within the diameter U of the filament impact area - or filament marking - on
the target) which are caused by this non-uniform distribution of charge. The
different response of label/B targets to beam deposition reveals details (others
than filament internal-charge distribution) with a space resolution (~ 0.5 um)
better than by plastic targets.




3. Nuclear Tracks in Solids and Plasmoid Contact Print

o ———————

The distribution of ion tracks is reported by photographs,FIG. 2. (a)- (e) ), of CR- -39
plates etched with NaOH after exposure to a single discharge at 10 cm from the anode
end (plate orthogonal to the electrode axis, 0°, forward direction). (a) The two6
arks (ring structure) are formed by an jon track dens1ty corresponding to 3, 5 x 107~
deuterons/cmé with energy of 2.4 Mev { E < Emax: Emax 1S determined by the sens1t1v1§y
of the material and is not well known. Filter used was 50 pym of my]ar (p = 1.38 g/cm¢)
(b) Deuteron tracks (holes): Energy of the deuterons before passing through a 50 um
filter is 3 2.4 Mev. This photograph corresponds to the reTat1ve1y low surface track
density region outside the sharp boundary of the two arcs in photograph (a).

(c) Deuteron tracks (holes). This photograph corresponds to the high surface track
density region of the two arcs in photograph (a). (d) Fusion proton tracks (holes).
Mylar filter 125 um thick. The average energy of the protons is about 3.0 Mev with
the extra 0.5 Mev due to the average velocity of the center of mass of the reacting
deuterons. The various hole diameters correspond to different proton velocities due
to different center of mass velocities.

The track distribution in (a) may fit either an ion beam or a ring plasmoid; the
distribution in (e) fits a plasmoid with a composite helix structure.

There are three reasons indicating that these tracks are due to fusion protons
and not deuterons:

1. With a 100 um mylar filter no tracks are observed. That is the deuterons
that made the tracks with a 50 um mylar filter have all been absorbed with the 100 um
mylar filter. The fusion protons have not been slowed down sufficiently by the 100um
mylar filter to produce etchable tracks. It is only by using a 125 ym mylar filter
that the fusion protons are slowed down sufficiently to produce etchable tracks.
Observation in other laboratories as well as our observations, on ion beams with
independent methods (damage on metal plates and nuclear act1vat1on) cons1stent]y in-
dicates that these beams are highly collimated (within a < 62 cone) in the 0° direction
up to an energy ¥ 5 Mev. Consistently, the observed isotropy of these tracks (energy
and typical track density) eliminate the possibility of a deuteron beam such that the
energy distribution function of the deuterons after dropping to zero as the energy

increases then suddenly makes a sharp increase in value for still higher values of
the energy.

2. The surface track density is very uniform whereas with the previous deuteron
tracks there is considerable structure.

3. Assuming (in agreement with the observation) an isotropic emission the surface
track density agrees with the neutron production. No damage is observed on the mylar
foil covering the CR-39 plate.
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4, Current, Attenuation and Structure of the Electron Beam.

The structure of the ion beam within a ~ 6° cone on the electrode axis
(in the forward direction, i.e. 0°) and the ion energy spectrum with a peak
at~300 keV have been reported by previous work5’7. We are concerned here only
with the electron beam ejected at 180° (from the same discharge region and at
the same time of the ion beam emission)8 and with the jons which are collectively
accelerated by the electron beam in the same direction of the electron beam.
The electron beam (and the ion beam at 0°) has a broad energy spectrum and
carries > 10% of the capacitor bank energy by electrons with an energy from
¥ 40 keV to several MeV. This spectrum has some variations from shot to shot
as well as permanent features, specifically a peak at about 300-400 keV in all
well-formed discharges5 (i.e. a discharge - by using D2 - with a neutron yield
n X 0.5 A, where i is the mean value of the neutron yield per discharge). For
our system n ~ 2-108 neutron/shot (average over 102-103 shots in 6 Torr of 02;
for other gases a similar definition of well-formed discharge can be obtained
in terms, e.g., of x-ray-energy-emission/shot). The electron beam propagates
inside the hollow anode (length 15 cm) and then in the drift chamber (a pyrex
pipe of 35 mm dia.) attached to the rear end of the anode (Fig. la). By beam-
induced damage on targets inside the drift chamber we detect the filamentary
structure of the electron beam, the internal structure of each filament (fila-
ment diameter D ~ 1-300 um) and a nonfilamentary component of the same beam
which is spatially uniform in a cylindrical region with cross-section diameter
~ 5 mm. Two anode configurations have been used: (i) fully open anode and (ii)
partially closed anode with a circular aperture of 4 mm dia. at the center of
the front end (a 3 mm thick plate) of the hollow anode (Fig. la).

By configuration {ii) a RC coil which is located downstream from the end of

the focusing pipe P gives a typical value of the net e.b. current Ie which is

much smaller (by a factor ~ 10']) than the typical value of the net current

(Ie ~ 1-10 kA) by configuration (i) or by configuration (ii) without focusing

pipe P (the signal from a RC upstream from the end of the focusing pipe is always
vanishingly small even when the target damage indicates a very intense beam).
Target damage indicates that by (ii) with P the whole beam is formed by filaments.
Tests with different values of the diameter of the anode aperture ¢9 indicate
that the high energy component {> 300 keV) of the electron beam is generated

near the electrode axis within a cylindrical region with diameter of ~ 3 mm,
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length ~ 1-2 cm, at the forward end of the anode. Each pulse of electron-beam
net current Ie has rise time at = 1-10 ns to peak value IeM ~ 2-10 kA by
Rogowsky-coil signals. By (i) v/y ¥ 0.6 for one electron beam pulse, where v

is the number of beam electrons per classical electron radius ez/mc2 of beam
length (the net value of v/y of a single filament in an electron beam pulse may
have a quite different value; there are about 103 filamentsin each electron

beam). We have observed that the higher is the value of IeM’ the higher is the
neutron yield n in a 02 discharge (and the x-ray emission)9, This correlation
between IeM and n has been unambiguously established on 102-103 discharges.

A similar, however more pronounced, correiation exists between beam charge

p
signals the electron charge Qp for each electron beam pulse. Then we have

estimated the linear correlation coefficient C(Qp, n) between Qp (e.g. for the
first pulse) and the neutron yield in the same discharge in DZ‘ Qur regressive
analysis gives C(Qp,n) = 0.7, with a probability < 10'2 to obtain this value
purely by chance (25 pulses have been examined at 6 Torr. RC] was at 26 cm from

the anode front end). Max Qp = 10'3 Coulomb in a shot with n = 2 x n; mean
4

Q =2ft Ie dt and n.9 First we have derived by a double time integration of RC
A

value for first pulse Qp 2 4 x 1077C. Similar values for Q_ have been obtained
by an independent methods. The total charge carried by the high-energy

(3 300 keV) component of an electron-beam pulse was also measured after a PST
(375 um thick) with a Faraday-cup method with the same result (4 x 10'4 1073
Coulombs) as in Ref. 5. The velocity of propagation of the electron beam is.

¥ 76% of the speed of 1ight c and it is obtained from the signals of two

Rogowsky-coils RCZ’ RC3 (Fig. 1,a) surrounding the drift chamber with a distance
between coils L = 150 or 300 cm. Our measurements of the attenuation o of the
peak current by (i) of an electron beam pulse - a = [IeM(RCZ) - IeM(RC3)J/IeM(RC2)
where IeM(RCZ) is the current by RC2 signal - give « < 0.25 on 150 cm and

@~ 0.5 on 300 cn for a pulse of electrons with energy § 300-400 keV for 6 Torr
of H2 or 02. This relatively-low decrease of net current qf the beam is observed
when the conducting ring G (at a distance 32 cm from the beam source is at
floating potential (Fig. la). A higher attenuation (larger by about a factor 2;
a = 0.90 over a distance of 300 cm) is instead observed if G is kept at ground
potential. In this case the typical net current IeM ~ 1-10 kA of a pulse by

RC3 and RC2 signals is however larger by a factor 5 than in the case of a

B L A e AR L N Mg Sy G O NI



B AN ORI i 5 0 " B L T e U SR A,

floating G. This higher value of IeM and of o over a fixed traveling length L
and the longer tail of each Ie pulse in the case of G grounded fit the idea

— G

that a floating G is charged by electron bombardment up to some negative
voltage VG' VG then prevents beam electrons with a kinetic energy < leVGI
to propagate beyond G. Possible implications are (a) that these low-energy
electrons contribute a substantial fraction of the beam net current and (b)

e e eaBee ot e

X that high-energy electrons (kin. en. >> leVG|) can propagate with small attenua-
;' tion and with a substantial current neutralization.

1 It is compatible with (a) and (b) to consider that the nonfilamentary
component of an electron beam can condense into filaments during the propagation

of the beam in the drift chamber. By this process the high-current (nonfilamentary)
component is depleted by increasing the current-neutralized (filamentary) com-
ponent rather than by scattering in the background gas. A1l our data are
consistent with the condensation picture. Targets of plastic materials (usually

a polymethylmethacrilate - PMMA - 5 mm thick disc or a stack of one or more

PST foils) have been used for different values of Ly (6 cm <y =300 cm).

Label/B targets with value of the sublimation heat of ~ 90 kcal/gatom

are used to have a maximum of space resolution (better than 1 um) of the internal }
structure of a filament. Target of plastic material are more suitable for

detecting charge effects, voltage distribution and energy of collectively accele-

rated ions inside a filament. The filament-induced damage is detected in the

1- form of rings, bubbles or holes on targets of plastic material (Fig. 3a).

} Craters and surface exfoliation of circular regions instead of bubbles is

) detected in Label/B (Fig. 3b).

'i The nonfilamentary component of the beam is detected by the formation of

dendrites in a thick PMMA target which is ruptured through the irradiated
volume (PMMA breakdown occurs from a planar region of accumulation of negative
charge inside the target back to the bombarded external surface of the target.
By observation of the dendrite-length distribution we have determined the
dominant value of the electron energy - ~ 300-400 keV - and the charge of the
beam)s. This component of the beam is depleted and the dominant value of the

. electron energy in this component is somewhat lowered in the drift chamber for
’ an increasing distance from the beam source. Dendrites formation is hardly
observable for L] R 50 em but shape and charge distribution of the nonfilamentary

!
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component of the beam - which is the cause of dendrite formation - is still
detectable for L} ¥ 300 cm by the isochromatic pattern (on a]gST target foil)
which is determined by the charge-induced stress in the foil ~. We consider
further only the filamentary component of the beam which tends to coalesce near
the wall of the drift chamber (conf. (i) for L] ~ 300 cm. At this distance

the beam has definitely changed its initial distribution which covers all the
chamber cross-section to a new distribution by which the beam is concentrated
on a ring 2-5 mm wide and with the same diameter of the chamber. This distri-
bution is observed also by the x-ray image on conveniently-screened x-ray films
which have been used as targets in some discharge. On a microscopic scale the
filament~induced damage indicates that a filament can deposit an energy density
R 200J/cm2. The typical diameter J of a filament by config. (i) is usually
smaller by a factor X 2-3 than by using config. (ii) with a focussing pipe P.
We further report only data from this latter arrangement (focuss. pipe dia.

7.8 mm) which give a more detailed picture of the internal structure of
filaments (Fig. 3).

The circular cavity (+~ 10~30 um deep) at the border of a microscopic ring
(Fig. 3a), its depth xounder the target surface, and the internal structure of
each ring can be observed by Tight reflection through the transparent material
of the target and by adjusting the microscope focal length on the chosen layer
under the target surface. By a systematic inspection of more than 100 targets
we conclude that each of these circular marks is caused by the ion deposition
in the plastic when a beam filament reaches and crosses the target. The depth
Xov 10-30 um of the groove indicates that ions with higher energy (1-2 MeV) are
concentrated at the outer border of a microscopic ring and less energetic jons
(Ao 5 um) are inside-the ring. The filament electrons continue to propagate 4
by further pinching after the ion deposition is completed and by forming a
channel with diameter < 1-5 um which punches its way through the target. We can
in fact follow with the microscope this filament pattern from the bombarded
surface to the rear surface of the target for about 90% of all the circular
markings that we have examined. The positive charge per unit area of target
at a ring location reaches the peak value over the time interval

A%

A~ 2/0.8xc = 1 ns by which a filament of length 2 penetrates the target surface.
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Breakdown can then occur between the region below the target surface where
the ions are trapped and the plasma outside the surface.11 Breakdown can
occur also along the target surface; there a positive Lichtemberg discharge
pattern is etched (Fig. 3a)]2. We have controlled to some extent the charge !
neutralization process of an ion ring by changing the target thickness and/or _
by collecting the electron beam on a metal plate immediately behind the l

target. By this procedure charge neutralization is achieved by breakdown
through the whole thickness of the target. In this case the breakdown pattern
between the ion-deposition cavity and the back side of the target (facing the
electron collector plate; Fig. la) has a wiggling configuration somewhat different ‘!
from the straight propagation channel of a pinched electron filament and surface
discharge patterns as in Fig. 3a are not formed. Localized-discharge processes fa
under the surface of a PST target may follow the nonuniform deposition of ions
and Tow-energy (< 100 keV) electrons within the circular region of impact of a
filament. The ring radial striations in Fig. 3a form the discharge pattern

~ 10 um under the target surface between the central region of the ring (where

a positive charge is usually localized ¥ 5 um under the target surface) and the
ring outer border where ion and electron deposition produces a circular cavity
at a greater depth (~ 30 um) under the target surface and low-energy electrons
may exceed high-energy ions. On a Label/B (Fig. 3b) the regions of impact of
bunches of collectively accelerated ions are detected as craters and holes

(~ 1-10 um dia.) which cluster in a circular (ring) pattern. The depth

(3 10 um) as in the center of the ring in Fig. 3b corresponds to a power deposi-
tion level ~ 1 Tw/cmz.

A substantial amount of the neutralization current of a filament can be
contributed by collectively accelerated ions within a fiyﬁgbet (high energy ions
at the outer edge of the filament; lower energy ions near the filament central !
region; sed Fig. 3a). This is confirmed by a test with two Rogowsky coils,
one {(RC 1, Fig. 1b) before a 125 um thick target of plastic material, the other
(RC 2) after the target. The current detected by RC-2 is higher by a factor
4 + 1 than the current detected by RC-1 (the distance between RC-1 and RC-2
was about 3 cm; coil calibration and an exchange of the two coils by different
shots have been performed). A substantial fraction of the return current can
be carried also by background-gas electronswhich are counterstreaming near the
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surface of each filament. In fact a cloud of relatively-low-energy electrons
which surrounds a filament produces - by baking the target surface - a tenuous
halo which encirlces the deep mark of a filament on a Label/B target. This
indicates that ion acceleration in the same direction of the electron beam is
most effective within a filament and can be enhanced by the filament-formation
process. The concentration of positive ions in filaments is consistently
indicated by observation of: (a) the discharge pattern which originates from
the ring-shaped mark of a filament on the target surface, as in Fig. 3a,

is typical of a positive Lichtemberg discharge; specifically the surface-
discharge arms are longer and more detailed than by a relatively small and
thick-1imbed negative Lichtemberg dischar'ge..l2 (b) The distribution of the
dark contamination dust which leaves circular white patches where the ion
positive charge is concentrated. (c) The larger value of the electron-beam net
current Ie downstream of a & 50 wm-thick plastic target with an arrangement

as in Fig. 1b.

5. Nuclear Activation

Targets for nuclear activation are used to detect the high energy
(x 200 keV) component of the ion beam at 0° and the collectively-accelerated
ions by the electron beam at 180°. Foil targets (a polypropylene foil
13x8 cm2, 25 um thick performing as a thick target for deuterons with energy
S MeV) and thick graphite and BN targets have been used at 0% 10 cm from
the anode end. Thick C and B]0 targets have been used at 1809 50 cm from the
anode front end, by configuration (ii1) with focusing pipe diameter 4 mm,
The observed 3+ decay of N]3 nuclei from C]Z(d,n) N]3 reactions on 0° targets
is ~ 200 times higher than the detector background. The observed activation
corresponds to 1011-1012 1 MeV deuterons. The induced activation at 180°
(~ 4 times the background level in some shots, negligible in other shots)
gives < 10]0 of collectively accelerated deuter'ons.]3 The B+ decay of C]]
nuclei from 810 (d,n) Cn at 180° gives £ 109 0.5 MeV deuterons.

RS .



6. Discussion

We consider as vanishingly small the possibility that a localized source -
rather than an plasmoid - ejects an ion beam with a suitable angular spread to
generate the helical structure reported in Fig. 2(e) or other similar struc- _
tures. The well defined values of %, & in the plasmoid image - by contact print -
indicate that either the 2.4 MeV deuterons are confined by a self field B] of
high intensity (case I), or that the deuterons are accelerated to an energy v
ED 2 2.4 MeV by an inductive field E on some distance A N A,% when the plasmoid
internal field of re]ative]y—low intensity B2 decays on a subnanosecond time
interval &t (case II) by contacting the target surface. By equating the deuteron
Larmor radius rp with & (or with a) a confining self field
B] = 205 ED%(eV)/rD(cm) 3 X 105 G (or 3 x 107 G) is estimated for case I.

In case II, by taking » = 2 {or A = A) we estimate from Maxwell's equation,

|E/ |~ [By/est]  (Ep = eE;\%, a field B, ~ Ey cst/A° which is substantially smaller
than B1 only if &t << 10" ' 'sec. This estimate indicates that there are no good
reasons to prefer case II above case I.

The filamentation of the electron beam increases during the beam propaga-
tion in the drift chamber, but is consistently detected also very close to the
beam source. The beam filamentary structure is well fitting a beam source such
as a current sheath with a texture of filamentary current channels, each
channel with a diameter of the same magnitude of the diameter (~ 0.5 um) of
the smallest observed component of an electron beam filament.
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Fig. 1(a). Schematic view of inductive accetlerator (plasma focus) and of the beam drift
chamber (with the same filling gas and pressure, p=1-25 Torr, as in the discharqge/
beam-source chamber). A magnet (M,) provides a 7 cm long B-field region. The net beam
current I, with a full-open anode "(dia. ¢y = 34 wm; configuration i) has a typical
value 2-3"times larger than I by partially closing the anode with a disc (A, with

an aperture of ¢ = 4 nm dia. at the center; config. ii). By (ii) a pipe (P , dia.

3 =7.8 mmor sma]]er)(can be used to focus the beam; the distance between target

and the end of P is L2 = 1-8 mm when My is not used. The support (C) of the target (T)
is either a conducting plate or a floating grid. The beam charge is collected by Cfr
D)and is measured by discharging a connected capacitance in a convenient electric

circuit. 1(b): Coils and target arrangement to measure variations of return current by

ion absorption (0 2d <22 mm; 9 mn g Xy 425 mm; 10 mn g Xo & 35 mua).
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Fig. 3(a).Optical microscope photographs of beam-filament damage.onPST targets (config.
(ii), L, =50 cm, L, = 3 mm). A grid was used as a

target support. Exfosure to a single discharge. (a)-:large (DwAﬁ) ring is formed

by a discharge pattern 10 ;m under the target surface: the exit hole of pinched
electrons is visible at the center. .

(3)-n: surface discharge-pattern connecting rings. The outer circle,

in both left and right rings, is a cylindrical cavity ~ 30 um below the target surface.

(b): Optical-microscope photograph of electrog-beam-induced damage on a
target of semiconductor material (Lame1/B) at 180°, 50 cm from the plasma-focus
beam source. The electron beag usually splits in a large number of filaments
and of filament clusters (2 10° filament clusters in a single discharge), The
shailow damage (» 10 um deep) in this photograph is produced by two clusters of
filaments and reveals the internal fine structure of the electron beam.




